INTRODUCTION
Bone is an exclusively vertebrate tissue (McLean and Urist, 1955; Urist, 1964; Johnson, 1966 ) that develops in teleosts and higher vertebrates during the "metamorphic" period (Witschi, 1956) following larval differentiation of connective tissue and cartilage, Both the thyroid and parathyroid glands are intimately related to differentiation and remodeling of bone (Gorbman and Bern, 1962; AsboeHansen, 1963; Young, 1964; Tapp, 1966; Hamburgh, 1968) , but precisely how their hormones influence osseous tissue is unknown. How these hormones regulate calcium mobilization and storage in the skeleton (McLean, 1958; Bassett, 1963; Bronner, 1964 ) is a fundamental aspect of vertebrate morphogenesis.
Extirpation of the thyroid primordium in anuran embryos at the tailbud stage results in excessive larval growth and the arrest of metamorphic changes in the bones of vertebrae and hind limbs (Allen, 1918 (Allen, , 1925 Terry, 1918) . Skeletal differentiation resumes in thyroidectomized tadpoles fed thyroid powder (Terry, 1918) . Administration of thiourea or thiouracil to larval amphibians mimics thyroidectomy in blocking metamorphosis (Gordon et al., 1945; Steinmetz, 1954) . Prolactin likewise is antagonistic to the mechanism by which thyroid hormones stimulate metamorphosis (Etkin and Gona, 1967; Gona, 1967; Brown and Frye, 1969) .
Amphibian larvae immersed in solutions of thyroxine (Fox and Irving, 1950; Kaltenbach, 1953; Kuhn and Hammer, 1956; Kollros, 1961) or receiving implants of thyroxine mixed with cholesterol or agar (Kaltenbach, 1953; Kuhn and Hammer, 1956 ) undergo accelerated differentiation of bones of the skull, vertebral column, and limbs. Thyroxine and triiodothyronine promote maturative changes, ' Supported by research grants from the National Science Foundation (GB 4317), the U. S. (Fell and Mellanby, 1955, 1956; Lengemann, 1962; Lawson, 1963) . Both thyroxine and parathyroid hormone may induce maturation in explanted cartilaginous bone rudiments of the mouse (Gaillard, 1963) .
Electron microscopy has revealed that bone becomes mineralized by deposition of crystals of hydroxyapatite along the collagen filaments of bone matrix (Robinson and Watson, 1952; Fitton-Jackson, 1957; Glimcher, 1960) . The possible importance of ground substance in early mineralization is also recognized (Cameron, 1963; Weidmann, 1963; Decker, 1966) . There is good evidence that bone crystallites first start to form in separate nucleation centers within the interior of collagen fibrils, not merely around them (Sheldon and Robinson, 1957; Glimcher, 1960) . It has been demonstrated that nucleation centers and growing crystallites may be distributed periodically in relation to the repeating bands of collagen (Robinson and Watson, 1952; Fitton-Jackson, 1957; Robinson and Sheldon, 1960; Nylen et al., 1960; Glimcher, 1960; Dudley and Spiro, 1961; Ascenzi et al., 1965; Engstriim, 1966) . Osteoblasts and osteocytes in bone from various sources (FittonJackson, 1957; Dudley and Spiro, 1961; Baud, 1962; Cameron, 1961; Knese, 1963; Cameron et aI., 1964; Decker, 1966; Doty, 1966) have the distinctive characteristics of (1) abundant cisternae of roughsurfaced endoplasmic reticulum (RER) occupying much of the cytoplasm and (2) a well-developed Golgi zone near the nucleus. Osteoid matrix adjacent to osteoblasts appears to be protected from the process of mineralization proceeding deeper in the matrix (Dudley and Spiro, 1961; Weidmann, 1963) . How the matrix becomes modified to foster mineralization is a major problem of osteogenesis. The present paper deals with cytological changes in osteoblasts and bone matrix during the metamorphic development induced by treating frog larvae with thyroxine, as previously reported by abstract (Kemp and Hoyt, 1965) .
MATERIALS AND METHODS
Tadpoles of Rana pipiens were raised in the laboratory from embryos obtained by Rugh's method for artificial ovulation and fertilization as modified by Wright and Flathers (1961) . Adult frogs were purchased from E. G. Steinhilber, Oshkosh, Wisconsin. Females were induced to ovulate by injection of one fresh female pituitary gland intrapleuroperitoneally plus 5 mg of progesterone suspended in corn oil into the dorsal lymph sac. Animals were raised in 11 X 16-inch enamel pans holding about an inch of water previously conditioned by aerating tap water for at least 12 hours. The water was changed three times a week, and animals were fed boiled lettuce after each change.
A stock solution of the sodium salt of l-thyroxine, purchased from Calbiochem, was prepared at a concentration of 1.25 x lo-" M in distilled water and stored in a refrigerator at 10°C. Tadpoles were treated in groups of five in 4-inch fmgerbowls containing 200 ml of thyroxine solution at a concentration of 6.25 X 1Om8 M, made by diluting stock solution with conditioned tap water. Treatment was begun at Taylor-Kollros stage IX, prior to the onset of ossification of the femur. Animals were fed until they stopped eating, usually about 3 days after treatment began. Metamorphic changes in limbs and body shape were obvious by day 4. Tadpoles could not complete the changeover to air breathing and succumbed to the thyroxine treatment by days 7-10.
Specimens were fixed at daily intervals after treatment was started. Animals to be stained with alizarin were processed by Mayorga's (1964) technique adapted for our material. Representative stained and cleared specimens were photographed with a vertically mounted Exacta reflex camera, utilizing both reflected and transmitted light. Limbs of specimens to be examined microscopically were excised and fixed in a solution of ice cold, 6.25% gluteraldehyde buffered with phosphate at pH 7.4, washed in 7.5% sucrose, postfixed in Caulfield's 1% osmic acid solution buffered with Verona1 at pH 7.4 and containing 0.045 gm of sucrose per milliliter of fixative, dehydrated with ethanol and embedded in Luft's medium-hard mixture of Epon 812 and curing agents. Epon sections were cut with glass knives or with a DuPont diamond knife mounted on an LKB Ultrotome.
Thick sections (ca. 1 I*) for light microscopy were mounted on glass slides and stained with basic fuchsin (Winkelstein et al., 1963) or with azure B bromide. Photomicrographs were made with a Spencer photomicrographic camera holding 4 X 5-inch Panatomic X film. Thin sections for electron microscopy were mounted on uncoated 200-mesh copper grids. In order to minimize leaching of bone crystals, we followed Boothroyd's (1964) procedure of adding calcium and phosphate ions to the collecting boat for mineralized sections.
KEMP AND HOYT
Mounted sections to be stained were transferred to drops of a saturated solution of uranyl acetate on a wax plate and stained for about 2 hours. Excess stain was removed by washing grids in running tap water for 5 min, rinsing in distilled water, and blotting on filter paper. Electron microscopy was performed with an RCA EMU 3E electron microscope operating at 50 kV.
RESULTS

Alizarin Staining
Tadpoles fixed at Taylor-Kollros stage IX did not show specific staining of the skeleton of the hind limb after exposure to alizarin red S. At stage X femur and tibiofibula regularly stained with alizarin. Tarsals and metatarsals sometimes stained at stage X, as did also the ilium. These elements always stained at stage XI. Phalanges did not stain until stage XIII. We concluded from these results that at stage IX the femur should be in a preosseous condition; hence this stage should be favorable for testing the influence of thyroxine on ossification.
Results of treating a series of 18 animals with thyroxine at stage IX are illustrated in Figs. l-3. Figure 1 depicts the limbs and stained limb bones in representative animals fixed 4-8 days after treatment with thyroxine began. The control for day 4 was still at stage IX, whereas the thyroxine-treated specimen at 4 days possessed stained femurs and tibiofibulae.
Ilium, tarsals, and metatarsals stained in addition to femur and tibiofibula in tadpoles treated 5 or 6 days. Phalanges stained after 7-8 days of exposure to thyroxine. Controls did not progress beyond stage XI during the period of the experiment. Figure 2 shows an untreated animal at stage IX as compared with an 8-day treated specimen (Fig. 3 ) in which the state of ossification was like that of a normal stage XVIII tadpole.
Light Microscopic Observations
At stage IX (Fig. 4) of osteoid matrix has begun to develop between cartilage and perichondrium. We will use the term "border cells" for the flattened cells that lie along the border between osteoid matrix and cartilage matrix. The border cells appear to be derived from inner perichondrial cells. Perichondrial cells along the outer border of the osteoid matrix have become osteoblasts.
The histological appearance of femurs exposed to thyroxine l-3 days was like that of the normal femur at stage X or XI. A specimen fixed on day 4, however ( Fig. 7) , showed two significant changes: (1) matrix were enlarged; and (2) capillaries lay close to the osteoid matrix among these large cells, which had become osteoblasts. Specimens fixed at 5 and 6 days resembled the 4-day specimen. By 7 days ( Fig. 8 ) several rows of perichondrial cells had become converted into osteoblasts. During conversion the cells lose their fusiform shape and become irregularly rounded or pyramidal. Their altered shape indicates that the matrix between them is not rigid but permits some degree of cell mobility.
In a g-day specimen ( Fig. 9 ) bone matrix entirely surrounded some of the inner osteoblasts, thereby converting them to osteocytes. New osteoid matrix, evidently secreted by more peripheral osteoblasts, had accumulated outside the zone of earlier ossification. This morphology illustrates that periosteal osteogenesis proceeds by activation of successively more peripheral osteoblasts.
The osteogenic changes described for thyroxine-treated tadpoles (Figs. 7-9) are similar to those occurring normally during the period of hindlimb growth between Taylor-Kollros stage IX and stage XVIII.
It appears that the action of the hormone on the limb skeleton during the 7-10 days of survival of treated animals is to accelerate changes which usually extend over several weeks. Although we have not followed the normal histological changes during the climax of metamorphosis and after metamorphosis in Rana pipiens, our observations on alizarin-stained specimens indicate that the bones in this species develop as reported by McEwen (1957) for Rana catesbeiana. Sections prepared by Marvin in McEwen's laboratory indicated that bone of the diaphysis in long bones of the bullfrog is purely periosteal. Marrow replaces diaphyseal cartilage, but there is no endochondral ossification. The epiphyses have no separate centers of epiphyseal ossification as in mammals, and remain permanently cartilaginous.
Electron Microscopic Observations
The boundary between chondroblasts and perichondrial cells in an animal treated with thyroxine for 1 day is illustrated in Fig. 10 . Polyribosomes are abundant but endoplasmic reticulum is sparse in the perichondrial cells at this time. Fine collagen filaments permeate the cartilage matrix. Electron-dense material, which we will call "border substance," has accumulated along the perimeter of the cartilage matrix. We do not know the significance of this material. The morphology of cartilage and perichondrium in this l-day specimen was essentially like that in the normal femur at stage X. Inner perichondrial cells had already begun to differentiate as osteoblasts in a femur fixed at 2 days (Fig. 11) . Cisternae of RER had begun to accumulate in the cytoplasm, and protoplasmic processes were protruding into the newly secreted osteoid matrix. It is apparent that the well-developed collagen fibrils in osteoid matrix have about twice the diameter of the fibrils in cartilage matrix. This 2-day specimen was morphologically similar to the normal femur at stage XI.
The extensive proliferation of RER in an osteoblast of a femur fixed on day 5 is illustrated in Fig. 12 . Vesicles which appear to be derived from the Golgi apparatus have also developed by day 5. Mitochondrial activity is indicated by the elongate form of the mitochondria.
Collagen fibrils show regions of fusion in the osteoid matrix of this specimen, but there are no obvious mineralization sites. Possibly fusion of fibrils is a sign of impending mineralization. Sections of protoplasmic processes from osteoblasts are numerous throughout the matrix.
A 6-day specimen (Fig. 13) shows the scattered distribution of mineralization sites where clusters of hydroxyapatite crystals are being deposited. Mineralizing sites are scarce in the outer third of the osteoid matrix but more abundant in the inner two-thirds toward the border of cartilage. Even at this low magnification one can see that most of the mineralization sites are larger in diameter than the individual fibrils of collagen dispersed throughout the matrix. Some sites, however, have about the same diameter as collagen fibrils. Mineralization appears to be in progress either along single fibrils or in masses of fused fibrils.
Views of increasing magnification of early mineralizing sites in 6-day specimens are shown in Figs. 14-16. Nonmineralizing collagen is dispersed throughout the matrix between mineralizing sites. As in the low-power view (Fig. 13) , we observe that some sites are the size of individual collagen fibrils and others the width of two or more fibrils. In cross sections of mineralizing fibrils or masses of fused fibrils (Figs. 14-16 ) it is apparent that hydroxyapatite crystals are forming within the interior of a mineralizing fibril or mass as well as at the periphery. Crystals are always in close association with collagen protofibrils, not dispersed randomly in the ground substance between fibrils.
The earliest observed stage of mineralization is characterized by the appearance of punctate crystals (Figs. 14 and 15 mark the original nucleation centers for hydroxyapatite crystallization. These early crystals may be distributed in bands along the protofibrils of mineralizing masses (Figs. 15 and 16 ), but the periodicity of these bands with respect to the intraperiod subbands of collagen (Glimcher, 1960) has not been determined in this investigation.
Needlelike crystals form as the early punctate centers elongate and apparently fuse in the direction of the longitudinal axis of accompanying collagen protofibrils (Figs. 14-16 ). Most of the crystals do not exceed 640 A, the length of single periods of collagen fibrils. Elongate crystals which appear to exceed this length (Figs. 14 and 15) may actually be two or more crystals with their ends overlapping. Growing sites of mineralization tend to show clustering of hydroxyapatite crystals around the periphery of masses of collagen protofibrils (Fig. 16 ).
The completion of mineralization involves joining of separate mineralization sites (Figs. 17 and 18 ). The matrix becomes "fully mineralized"
as mineralization sites enlarge and become confluent, thereby eliminating nonmineralized regions. The older two-thirds of the matrix adjacent to cartilage in a specimen treated 9 days with thyroxine shows more advanced mineralization (Fig. 17) than the younger third adjacent to osteoblasts (Fig. 18) . Note that in the older region (Fig. 17) the crystallites tend to be oriented circumferentially in the direction of the fibrillar framework of the matrix. Perhaps this orientation results from the tension imposed on the matrix as the femur grows in width.
Mineralizing sites in the newer part of the matrix of a specimen treated 9 days with thyroxine are becoming confluent (Fig. 18) . These sites show the polarized organization observed in the isolated sites of the 6-day specimen illustrated in Fig. 16 Tata (1968) has reported that competent tissues of Xenopus laeuis larvae treated with thyroid hormones typically pass through a delay of about 2 days before biochemical or morphological changes are detected. We have observed about the same time lag of 2 days before perichondrial cells show fine structural changes indicative of transformation to osteoblasts in the femurs of thyroxine-treated tadpoles of Ranu pipiens.
With respect to its role of inducing osteoblastic differentiation, thyroxine may perform any of the variety of functions ascribed to thyroid hormones acting on various cells and tissues: increasing cell permeability (Green and Matty, 1964) , uncoupling oxidative phosphorylation (Bronk, 1963; Karlson and Schulz-Enders, 1963) , altering mitochondrial membranes and affecting function of respiratory enzymes (Tapley, 1962; Hoch, 1968) , chelating metals (Tapley, 1962) , stimulating synthesis of nucleic acids (Finamore and Frieden, 1960; Tata, 1968) or of proteins (Paik and Cohen, 1960; Frieden, 1961 Frieden, , 1967 Tatibana and Cohen, 1964; Campbell et al., 1964; Sokoloff et al., 1964; Tata, 1968; Hoch, 1968) , and phospholipids (Tata, 1968) .
With respect to the influence of thyroxine on mineralization per se, one must account for the interval between the onset of mineralization as indicated by alizarin staining and as judged by visualization of hydroxyapatite crystals electron microscopically. Normally the femur begins to stain selectively with alizarin red S at stages X-XII; and in thyroxine-treated specimens, initially at stage IX, the femur stained by days 2-4. Crystallization of hydroxyapatite, however, was not detected in specimens treated for fewer than 6 days. Alizarin is considered to be an indicator of mineralization because of its property of forming lakes with insoluble deposits of calcium carbonate or calcium phosphate (Pearse, 1960) . Early onset of alizarin staining may be related to the observed intracellular changes in osteoblasts or to some early modification of the osteoid matrix. Possibly the electron-dense border substance detectable by stage XI (Fig. 6 ) and in specimens treated only l-2 days (Figs. 10 and 11) stains with alizarin.
According to Glimcher (1960 Glimcher ( , 1966 , phosphorylation of collagen is probably the initial step in mineralization.
Calcification and nucleation of hydroxyapatite crystals would begin at phosphorylating sites, if Glimcher's hypothesis is correct. An alternative view, sup-ported by Sobel and co-workers (Bronner, 1964) , is that calcium binding is the initial step in establishment of nucleation centers. This view holds that calcium activates collagen to interact with sulfated mucopolysaccharides or mucoproteins of the ground substance during mineralization.
Evidence that chondroitin sulfate by itself or in combination with collagen is responsible for nucleation of hydroxyapatite has been reviewed by Weidmann (1963) and Cameron (1963) . Decker (1966) has described "initial aggregations of apatite crystals appearing independent of collagen," although he recognizes that these aggregations may result from "factors existing at nucleation sites which in combination with the underlying collagen may initiate the development of crystals."
Our observations do not support Decker's (1966) contention that aggregations of bone crystals develop independently of collagen fibrils. The fibrillar structure of collagen is obscured at mineralizing sites, but nevertheless persists. Robinson and Watson (1952, 1955) observed that individual collagen fibrils appear more closely packed after mineralization than before. Since collagen fibrils remain intact during mineralization, Robinson (1966) has concluded that bone crystals displace water in the osteoid matrix. Close packing and fusion of collagen fibrils at mineralizing sites are presumptive evidence that ground substance is being depolymerized and eliminated from the space surrounding the fibrils at these sites. Dudley and Spiro (1961) have suggested that the cell processes protruding into the osteoid matrix from osteoblasts may be an indication that these cells "preside over the state of the polymerization of the matrix,"
possibly by affecting the state of polymerization of the acid mucopolysaccharides in the interfiber substance of the osteoid matrix. Such osteoblastic processes are abundant in the matrix of the frog femur before mineralization sites become obvious (Figs. 11 and 12 ) but disappear as the matrix mineralizes . Perhaps these processes cytolyze and yield hydrolases to the matrix.
One prominent theory (Glimcher, 1960) is that the collagen of nonmineralized connective tissues is protected from mineralization by the highly polymerized mucoproteins (protein-mucopolysaccharide complexes) of the ground substance. The theory holds that depolymerization of ground substance may release collagen from the inhibitory properties of ground substance and thereby lead to active nucleation of hydroxyapatite.
Calf cartilage contains a depolymerase capable of degrading protein polysaccharide extracted from cartilage (Dziewiatkowski, 1966) . Hyaluronidase and collagenase evidently participate in growth and resorption of dermal connective tissue in the tadpole tailfin (Lapiere and Gross, 1963; Lapiere, 1966; Eisen and Gross, 1966) . Various mammalian tissues, including bone, also produce collagenase (Woods and Nichols, 1965) . We speculate that thyroxine influences mineralization by stimulating osteoblasts to produce depolymerases which render osteoid matrix mineralizable. Whether such enzymes are produced by osteoblasts of the frog skeleton has not yet been demonstrated.
Our observations on nucleation and growth of hydroxyapatite crystals are in general agreement with those of Ascenzi et al. (1965) . These investigators have described early nucleation centers as "very small particles or spots" no greater than 10 A at first. These elongate and fuse to form linear or needle-shaped crystallitesO spanning band regions and attaining a maximum diameter of 40-45 A. We have confirmed the presence of separate centers that appear to elongate and fuse to form long, narrow crystals of hydroxyapatite.
We have also observed a repeating pattern of nucleation along collagen fibrils (Figs. 15 and 16 ) similar to that reported by Fitton-Jackson (1957), Nylen et al. (1960), and Glimcher (1960) . Further study is necessary to establish the relationship between early nucleation centers and the subbands of collagen fibrils in the frog skeleton.
As mineralization sites enlarge (Figs. 16-l@, it is clear that hydroxyapatite crystals are not distributed uniformly within a given site. Usually at enlarged sites the hydroxyapatite crystals are clustered around the periphery and nonmineralized protofibrils of collagen occupy the interior. This morphology could result (1) if mineralization is restricted in the interior of a mass of fusing collagen fibrils, (2) if the interior of an enlarged site undergoes selective demineralization, or (3) if crystals are displaced toward the periphery as a mineralization site grows. The third alternative might be an application of Steinberg's (1964) principle that objects with differing strengths of surface adhesiveness tend to segregate from one another. In this instance the greater adhesiveness of collagen fibrils might account for their segregation in the interior of a mineralizing mass.
SUMMARY
Tadpoles of Rana pipiens at Taylor-Kollros stage IX were treated by immersion in a thyroxine solution at a concentration of 6.25 X lo-" M. Hindlimbs developed precociously, and alizarin-stained KEMP AND HOYT specimens showed that treatment with thyroxine induced accelerated ossification of limb bones.
Light microscopy of thick Epon sections showed that cartilage and perichondrium were beginning to organize in the femur of normal animals at stage IX and had become separated by a narrow zone of osteoid matrix by stage XI. After 4 days of exposure to thyroxine, inner perichondrial cells had enlarged to become osteoblasts bordering a prominent zone of osteoid matrix. By 9 days of treatment some inner osteoblasts were entirely surrounded by bone matrix and thus had become osteocytes.
Electron microscopy revealed that rough endoplasmic reticulum began to accumulate in osteoblasts by the second day of treatment. Fusion of collagen fibrils was observed in the osteoid matrix of a specimen treated for 5 days. Deposition of hydroxyapatite crystals along collagen protofibrils in scattered mineralization sites began after 6 days of treatment.
Mineralized sites grew and became confluent, so that by 9 days the lower two-thirds of the bone matrix was almost completely mineralized.
Enlarged mineralization sites at 9 days usually were organized with collagen protofibrils in the interior and hydroxyapatite crystals clustered around the periphery of the mineralizing mass. Thyroxine appears to stimulate differentiation of osteoblasts from perichondrial cells. The hormone may stimulate osteoblasts to secrete depolymerases which prepare osteoid matrix for mineralization along collagen fibrils. BOOTHROYD, B. (1964) . 
